In many songbirds, vocal learning-related cellular plasticity was thought to end following a developmental critical period. However, mounting evidence in one such species, the zebra finch, suggests that forms of plasticity common during song learning continue well into adulthood, including a reliance on auditory feedback for song maintenance. This reliance wanes with increasing age, in tandem with age-related increases in fine motor control. We investigated age-related morphological changes in the adult zebra finch song system by focusing on two cortical projection neuron types that a) share a common efferent target, b) are known to exhibit morphological and functional change during song learning, and c) exert opposing influences on song acoustic structure. Neurons in HVC (proper name) and the lateral magnocellular nucleus of the anterior nidopallium (LMAN) both project to the robust nucleus of the arcopallium (RA).
Introduction
Vocal learning in songbirds and humans is similar in many respects. In both cases, the capacity to learn is constrained by innate predispositions, relies on hearing, is influenced by social context and is controlled by specialized brain regions (Doupe & Kuhl, 1999; Kuhl, 2003) . In addition, humans and many songbirds demonstrate a much greater capacity for vocal learning early in life, which greatly diminishes with age (Doupe & Kuhl, 2008) . Songbirds provide an exceptional opportunity for exploring vocal learning because species vary in their learning trajectories. All oscine songbirds learn their song from a tutor as juveniles. Some species, such as the canary (Serinus canaria) continue to learn new songs throughout life (open-ended learners), while in other species; such as the zebra finch (Taeniopygia guttata) song learning is essentially complete by puberty (close-ended learners) (reviewed by Williams, 2004 ). An understanding of the mechanisms that permit and constrain adult vocal plasticity may provide insights on species differences in these traits in songbirds that are also relevant for understanding age-related decreases in vocal learning in humans.
While song learning is essentially complete by puberty (3 months) in the zebra finch (reviewed by, Williams, 2004) , recent work has demonstrated that learning-related behavioral and cellular changes continue to take place beyond puberty and, in some cases changes continue throughout adulthood (reviewed by Pytte et al., 2008) . For example, song maintenance relies on auditory feedback and, in young adults; song degrades rapidly following deafening, suggesting that sensory-motor comparisons similar to those used in vocal learning extend into adulthood for song maintenance (Nordeen & Nordeen, 1992; Wang et al., 1999) . Interestingly, the impact of deafening on song decreases with increasing adult age such that between roughly 6-7 months and one year after hatching, there is a dramatic increase in the latency and decrease in the magnitude of post-deafening song change (Lombardino & Nottebohm, 2000; Brainard & Doupe, 2001) . Moreover, between 4 and 15 months of age, there is an increase in fine-grained stereotypy (syllable acoustic similarity from rendition to rendition of song) and this increase tapers off between 9 and 15 months (Pytte et al., 2007 ; also see Brainard & Doupe, 2001 ; Kao & Brainard, 2006) . Thus, age-related changes in both motor refinement and reliance on auditory feedback co-vary and may be functionally related. Combined, these data suggest that even in a so-called "close-ended" learner, adulthood is a very dynamic period, involving vocal learning-related sensory-motor processes and it is also a time where song stability and resistance to change increase with adult age.
The neural mechanisms controlling these song attributes remain largely unknown. Components of two song control system pathways are of particular relevance to song learning and maintenance (Figure 1 ). Both pathways begin in HVC (proper name) and project to the robust nucleus of the arcopallium (RA).
The avian analogue of a pre-motor/motor cortical circuit (motor pathway), involves direct projections from HVC to RA. The anterior forebrain pathway (analogous to cortical-basal ganglia circuits) begins with a different set of HVC neurons that project to RA following a more indirect route involving the striatum and thalamus. Final inputs to RA from this pathway derive from the lateral magnocellular nucleus of the anterior nidopallium (LMAN) and these cells synapse on the same dendrites in RA as cells in the motor pathway (Herrmann & Arnold, 1991) . In turn, RA neurons have direct projections to brainstem motor neurons innervating muscles of the syrinx (the avian vocal organ) (Nottebohm et al., 1976) .
To date, the main focus of research on adult neuroanatomical plasticity in the zebra finch has been on neuron addition, which in HVC also declines dramatically between 4-12 months (Wang et al., 2002) . However, there have been no studies of potential changes in neuronal morphology in the song system of the adult zebra finch.
Changes in the morphology of many song system cell types occur in juveniles at times suggesting a functional link to song learning (reviewed by Bottjer, 2004) . Changes in the number and weighting of synapses in RA derived from HVC and LMAN may be of particular relevance. Based on lesion work as well as anatomical and neurophysiological studies, the LMAN-RA pathway is essential for early stages of song learning, promoting vocal exploratory behavior,
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while the HVC-RA pathway is critical for the final stages of song learning, promoting the establishment of song stereotypy (Aronov et al., 2008) . In adults, the continued reliance of song on auditory feedback (Nordeen & Nordeen, 1992; Lombardino & Nottebohm, 2000) and progressive increases in vocal motor refinement (Brainard & Doupe, 2001; Kao & Brainard, 2006; Pytte et al, 2007) suggest sensory-motor processes that could be dictated by similar neural mechanisms. Moreover, there is evidence that a similar contrast with respect to contributions of HVC and LMAN to acoustic structure is involved in adult song maintenance. Neural activity within the HVC-RA pathway drives stereotyped adult song (Yu & Margoliash, 1996; Hahnloser et al., 2002) and HVC lesions completely disrupt song acoustic structure (Simpson & Vicario, 1990) . In contrast, normal adult variability in song note acoustic structure, as well as the song changes that occur after deafening or experimental alterations to motor function are dependent on LMAN (Williams & Mehta, 1999; Brainard & Doupe, 2000; Brainard & Doupe, 2001; Thompson et al., 2007) . These results suggest that the relative weighting and integration of input in RA from HVC and LMAN is important for song acoustic structure throughout life, with HVC promoting stereotypy and LMAN promoting acoustic variability.
The amount of dendritic arbor correlates with amount of afferent and efferent connectivity (Canady et al., 1988; Herrmann & Arnold, 1991; NixdorfBergweiler et al., 1995) . Because song refinement continues well into adulthood, we hypothesized that HVC-RA neurons would undergo an age-related increase in dendritic morphological complexity over ages when song stereotypy increases.
We also hypothesized that with the age-related decrease in song variability and reliance of song on auditory feedback, LMAN-RA neurons would undergo a decrease in morphological complexity.
Finally, as a step toward assessing the extent to which adult experience influences cell morphology, we housed adults in different social settings. We chose this manipulation in order to maximize our chances of seeing plasticity in this highly social species. Variation in social housing has been shown to influence singing rate (Zann, 1996) and likely affects the perceptual demands of
keeping track of colony members based, in part, on vocal attributes (Lipkind et al., 2002) . Lesions to HVC and LMAN have been shown to disrupt auditory discrimination, raising the possibility that these regions are important for song perception as well as production (Brenowitz, 1991; Scharff et al., 1998; Burt et al., 2000; Gentner et al., 2000 ; but see Theunissen et al., 2008) . Social factors have also been shown to affect circulating levels of steroids (Vleck & Priedkalns, 1985; Seiler et al., 1992; Christensen & Vleck, 2008) known to influence dendritic arbor or spine densities in mammals (Kurz et al., 1986; Brusco et al., 2008) as well as adult canaries (DeVoogd & Nottebohm, 1981) . Finally, variation in social housing has been shown to affect rates of HVC neuron addition in zebra finches (Lipkind et al., 2002) as well as HVC volume in adult canaries (Boseret et al., 2006) .
Materials & Methods
Subjects: All experiments were done in accordance with the Wesleyan University Institutional Animal Care and Use Committee and NIH guidelines.
Eighty-three male zebra finches born in our lab's breeder colony were used for analysis. Birds used for examining age-related changes in cell morphology were housed in multiple family groups until approximately ninety days of age at which time they were moved to single sex groups in smaller cages (12-15 birds per cage) with visual and auditory access to both male and female zebra finches, where they remained until they were removed for surgery. A preliminary experiment was done looking for possible age-related morphological changes between the ages of three months and three years (data not shown). Significant changes were only seen in individuals less than one year of age, as a result three age cohorts of 3 months (90-123 days of age; 18 birds, 439 cells), 6 months (166-211 days of age; 18 birds, 436 cells) & 12 months (334-377 days of age; 17 birds, 405 cells) were chosen and used for detailed analyses. Because recent findings from our lab have shown that post-crystallization variability in neuronal incorporation is influenced by nest of origin (Hurley et al., 2008) we also investigated whether variability in neuronal morphology could be related to family of origin. If true, we wanted to control for this variable in our age analyses.
Sixteen family groups were analyzed. Family group was defined as all individuals hatched in the same nest box, but not necessarily the same clutch.
As a first step toward assessing the effects of adult experience on dendritic features, we manipulated social housing conditions. For these experiments birds were removed from the general aviary at 90 (±4) days of age and housed in one of four social conditions as follows: 1. GM-group housed males (approximately 12-15 males housed together; 9 birds, 423 cells) 2. GMFgroup housed males with females (approximately 12-15 birds housed together, half male, half female; 9 birds, 339 cells) 3. M-one male housed alone per cage (6 birds, 262 cells) 4. MF-one male housed with one female per cage (6 birds, 277 cells). Nest of origin was balanced across the four social settings. Group housed males (GM) and group housed males with females (GMF) were placed in a colony room with other males and females. All singly housed males (M) were housed in a room together where they could hear, but not see one another and no females were in the room. Males housed singly with a female (MF) were in visual but not auditory isolation from neighbors. Nest boxes and nesting material were not provided, however, all females in MF pairs laid eggs in seed cups and eggs were removed within two days of being laid. All birds were provided food and water ad libitum and were supplemented with an egg mixture three times a week. Birds were housed at approximately 22°C on a 14:10 light/dark cycle. For this experiment, birds were maintained in these social housing conditions for approximately 3 months, until roughly 7 months of age (210 ±4 days of age), at which point they underwent tracer injections.
Song Analyses: Twelve of the thirty adult male zebra finches used in the social housing experiment were further used for an analysis of singing rate. Only singly housed males (M) and single males with a female (MF) were recorded for singing rates because accurate counts would be extremely difficult in cages with multiple males, in large part because zebra finch males will often begin singing while other neighboring males are singing. Female zebra finches do not sing, as a result singing rates of MF individuals could be accurately counted. M and MF were between 0-12 kHz and a minimum of 2 seconds in duration. Weekly recordings were made under identical conditions. Adult zebra finch song is composed of ~4-10 notes which are produced in a specific sequence. The song is referred to as a motif, and is often repeated several times in a song bout (Williams, 2004) . We quantified number of motif repetitions. For each bird, for each of nine twenty-four hour recording sessions, the total number of motifs produced was counted manually, blind to the identity of the individual. However, a subset of birds had very good backfills of both cell types, permitting us to address a possible morphological relationship between both cell types within individual birds. We expressed these data as a ratio for each trait in each bird by dividing the average of the HVC-RA cells by the average of the LMAN-RA cells. We were not interested in absolute values obtained with this method, but rather that it providing a within-bird measure of relative change.
Statistics: All statistical comparisons of soma size and total dendritic length as a function of age, family background, and social housing were initially conducted using one-and two-way ANOVAs. Two-tailed t tests were used for all pair-wise comparisons (Microsoft Excel Statistical Analysis Toolpak & JMP, SAS Statistical Software). Further analysis of dendritic segment length by branch order (µm) and dendritic segment number by branch order was done using the same statistical tests, however, a Bonferroni correction was performed to minimize the chance that random statistical significance was obtained as a result of multiple tests on the same data set. A Bonferroni correction on these data adjusted α to equal 0.01. Because age and family background were both found to account for some variability in the data from the experiment on age-related changes in morphology, but not every age was represented in every family and not every family was represented at every age, standard multi-variate analyses could not be performed. As a result three statistical models (Generalized linear model, Nested analysis of variance, Residual variance), which do not require equal representation of the independent variables, were used to determine the extent to which age and family each significantly influenced the distribution (JMP, SAS Statistical Software). All statistical comparisons of singing rate and neuronal measurements were done using two-way ANOVAs and linear regressions Photomicrograph reproduction: Z-stack confocal image files were opened using Adobe Photoshop CS5. Only brightness and contrast were adjusted to better replicate images seen through the microscope.
Results

Cellular morphology changes as a function of bird age.
Preliminary analysis
To determine whether there were systematic morphological changes with bird age a preliminary survey of HVC-RA cells was done on males between the ages of three months and three years. Significant changes in both HVC-RA soma size and HVC-RA total dendritic length were seen between three months and one year of age (soma size-r 2 = 0.32, p= 0.0002; total dendritic length-r 2 = 0.27, p= 0.01; data not shown). However, further changes beyond one year were not detected (p ≥ 0.05). Using these preliminary data, three age groups (3 months, 6
months & 12 months) were chosen for subsequent analyses. Figure 3A illustrates mean (± SEM) maximal cross-sectional area of the soma for each age cohort for HVC-RA and LMAN-RA cells. There were significant age-related decreases in soma size for HVC-RA cells (overall ANOVA-F (2,25) = 7.91; p= 0.002). HVC-RA cell somas in three-month-old birds were significantly larger when compared to somas of this cell type in the two older age cohorts (p ≤ 0.004), but the two older groups did not differ (p= 0.83).
Soma size and total dendritic length
There was a similar decrease in soma size with increasing bird age in LMAN-RA cells (overall ANOVA-F (2, 22) = 5.48; p= 0.01). In pair-wise comparisons, there was no significant difference between mean LMAN-RA soma size in three-and six-month-old bird or six-and twelve-month-old birds (p ≥ 0.09), however there was a significant difference between mean LMAN-RA soma sizes when comparing three-and twelve-month-old birds (p = 0.003).
Mean total dendritic length for HVC-RA cells but not LMAN-RA cells changed significantly as a function of bird age. Figure 3B illustrates mean (± SEM) total dendritic length for each age cohort for HVC-RA and LMAN-RA cells.
An overall ANOVA revealed a significant increase in arbor for HVC-RA cells with increasing age (F (2,25) = 4.8; p= 0.01). In pair-wise comparisons, there was no significant difference in mean HVC-RA total dendritic lengths between three-and six-month-old individuals (p = 0.61), however both age cohorts had significantly less dendritic arbor compared to the twelve-month-old birds (p ≤ 0.02). In contrast, total dendritic length of LMAN-RA cells did not change significantly across the same ages (overall ANOVA-F (2,22) = 0.73; p= 0.49).
Dendritic analysis by segment order
To better resolve the attributes responsible for the increase in total dendritic length in HVC-RA cells, analysis of length and number of segments by branch order was done ( Table 1 ). The data show that in the HVC-RA population segment length by branch order did not vary significantly with age, however segment number increased significantly between six and twelve months.
Additionally these changes did not occur at all dendritic segment orders, instead significant changes were only observed at third (F (2,25) = 7.68; p= 0.002), fourth Although no changes in total dendritic length were seen in the LMAN-RA neurons, an analysis of dendritic length and number by segment order was performed because it is possible that the absence of overall length changes could mask changes at a small subset of segments. However, consistent with the data for total dendritic length for LMAN-RA cells, there were no significant agerelated changes in the number or length of specific dendritic segments across the ages studied (p ≥ 0.42).
Analysis of the ratio of HVC-RA:LMAN-RA morphology
Because LMAN and HVC projection neurons synapse on the same dendrites in RA (Herrmann & Arnold, 1991) and appear to promote contrasting patterns of motor activity (Yu & Margoliash, 1996; Hahnloser et al., 2002; Kao & Brainard, 2006; Kao et al., 2008) , we wished to explore with-in bird differences in arbor for these two cell types to assess changes in one cell type relative to the other, and so in a subset of birds with strong labeling of both cell types (n=15),
we expressed morphological attribute values as ratios of HVC:LMAN.
Soma size and total dendritic length ratios
The ratio of HVC-RA soma size to LMAN-RA soma size did not change as a function of bird age (overall ANOVA-F (2,12) = 0.16, p= 0.84; Figure 4A ).
Analysis of the ratio of HVC-RA total dendritic length by LMAN-RA total dendritic length revealed that, unlike soma size, there was a significant change as a function of bird age (overall ANOVA-F (1,13) = 5.63, p= 0.03; Figure 4B ). More specifically, the ratio of HVC-RA:LMAN-RA increased with age (3 month vs. 12 month cohort p= 0.05; all other individual pair-wise comparisons p ≥ 0.14).
Dendritic ratio analysis by segment order
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A more detailed analysis of the ratio of HVC-RA:LMAN-RA dendritic morphology found no significant change with age at any specific segment order for either number or length of the branches (p ≥ 0.10; data not shown). These results suggest the change in the ratio of the total dendritic length ( Figure 4B) cannot be attributed to any specific branch order.
Analysis of cellular morphology and nest of origin
Previous work in our lab has demonstrated a relationship between nest of origin and adult HVC neuron addition rates (Hurley et al., 2008) . While it was not a primary goal of the present work to determine whether such a relationship extends to dendritic arbor, we wanted to control for potential sources of variation that might otherwise contaminate our results. Therefore, cell morphology in HVC-RA and LMAN-RA populations was analyzed against family background to determine whether there were any significant correlations. Collapsing across ages, LMAN-RA morphology (soma size and all dendritic measures) was not affected by family background (p ≥ 0.14; data not shown). HVC-RA soma size was also not affected by family background (F (15,47) = 1.46; p= 0.15). However, there was a significant relationship between HVC-RA total dendritic length and nest of origin (F (15,47) = 2.48; p= 0.009; data not shown). As a result, morphology of the HVC-RA cells, which was influenced by both age and nest of origin when analyses were done separately, was further analyzed to clarify the relative influence of each factor on the distribution of the data. Three distinct statistical models were used (Generalized linear model, Nested analysis of variance & residual variance). All three indicated that both age and family significantly influenced dendritic morphology in HVC-RA cells (p ≤ 0.05). All three models also indicated that when combined, age and family explained more of the variability then either factor alone.
Cellular morphology changes as a function of social housing
We do not know whether the observed age-related changes are the result of adult experience or part of an experience-independent, protracted Figure   5A ). In contrast, dendritic morphology varied as a function of social environment.
Figure 5B shows that variability in social housing conditions resulted in significant differences in total dendritic length for both HVC-RA and LMAN-RA cell populations (overall ANOVA-HVC-RA: F (3,26) = 3.54, p= 0.02; LMAN-RA: 
Relationship between social housing and the morphological ratio of HVC-
RA:LMAN-RA
Analysis of the ratio of HVC-RA:LMAN-RA soma size and dendritic arbor failed to reveal significant differences across the four social housing groups. Figure 6B illustrates that all four social groups had an average ratio of approximately 0.93 for total dendritic length (overall ANOVA-F (3,22) = 1.21, p= 0.32; pair-wise comparisons p ≥ 0.09). Although there were significant differences in total dendritic length for both song system cell populations across the social housing conditions, the overall age-specific ratio was maintained. There were no significant differences between the total dendritic ratio of six-month-old birds from the age experiment ( Figure 4B ) and the total dendritic ratio of seven-month-old birds in any of the social groups (pair-wise comparisons p ≥ 0.37; Figure 6B ). Yet when these groups were pooled, the arbor ratio was significantly lower than in the twelve-month-old group from the age experiment (F (1,38) = 7.65, p= 0.008).
Social housing affects singing rate
Amount of singing was recorded for singly housed males (M) and Males housed singly with a female (MF). Consistent with data from other labs (Dunn & Zann, 1997 ) the addition of a female to the cage of individual males caused adult singing rate to become significantly decreased ( Figure 7A ; ANOVA-F (1,9) = 14.1, p= 0.004). MF individuals as a group sang an estimated average of 100,549 (±3170) songs between three and seven months post-hatch while M individuals as a group were estimated to have sung more than twice as much, averaging 212,303 (±5980) songs. During the first two weeks of the experiment there was no significant difference in the average number of motifs produced per twentyfour hours between M and MF individuals (F (1,12) = 2.55, p= 0.13). However, during subsequent weeks singly housed males (M) sang significantly more compared to males singly housed with a female (MF) (p ≤ 0.04; Figure 7B ).
Cellular morphology changes as a function of adult singing rate
At the group level, decreases in singing rate between singly housed males and males paired with a female were associated with differences in dendritic growth. To further investigate a potential relationship between singing and neural plasticity, we compared each bird's singing rate to measures of each cell type independently, as well as to measures of relative change in neuronal attributes, expressing the latter as ratios of HVC:LMAN.
Soma size and total dendritic length
Pooling animals from the two social housing conditions, no significant relationships were found in soma size between HVC-RA, LMAN-RA or the ratio of HVC-RA:LMAN-RA and adult singing rate (p ≥ 0.1, data not shown).
Comparisons between singing rate and either HVC-RA or LMAN-RA total dendritic length also failed to show any significant relationship (p ≥ 0.2, data not shown).
A two-way ANOVA of the dendritic ratio, with social condition and adult singing rate as independent factors, uncovered a significant interaction (p= 0.03).
There was no significant correlation between the singing rate of M individuals and the ratio of total dendritic length (r 2 = 0.55, p= 0.09; Figure 8B ). Interestingly, MF individuals, showed a modest but significant negative correlation between the ratio of total dendritic length and estimated cumulative adult singing rate (r Figure 8B ). Thus, while there were no overall group differences in the arbor ratio, social housing significantly altered the relationship between the arbor ratio and amount of singing.
Dendritic analysis by segment order
We also analyzed possible relationships between dendritic segment number and length by order for HVC-RA and LMAN-RA cells as a function of estimated cumulative adult singing rate in M and MF birds. None of the comparisons showed a significant correlation (p ≥ 0.08, data not shown).
Discussion
We explored the effects of age and experience on morphological attributes of two neuron types that have a common target and have opposing influences on song acoustic structure during juvenile song development and in adulthood.
HVC-RA neurons are part of a motor pathway that promotes song stability and stereotypy, whereas LMAN is part of a basal ganglia pathway that promotes acoustic variability (Thompson & Johnson, 2006; Thompson et al., 2007; Thompson et al., 2011) . We found that neuronal morphology changes significantly with age, experience, or both in adulthood. However, the magnitude of change was not always the same for the two song system neuron types examined.
Age-related changes
We explored changes in dendritic morphology between 3 months after hatching and 3 years of age. Measurable changes were found up to 12 months but not at older ages. Between 3 and 12 months, there was a decrease in soma size for both cell types and an increase in total dendritic arbor was found for HVC-RA neurons. There were no significant changes in LMAN-RA dendritic arbor over the same age range. Within-bird comparisons of both neuron types revealed a similar result; with increasing bird age there was a significant increase in the ratio of HVC-RA:LMAN-RA arbor. Thus, despite the fact that these two cell Changes in HVC-RA dendritic morphology were not seen at all branch orders, only higher order branch numbers were affected. Previous research by other labs using different methods of labeling dendritic arbor found that when changes were observed either during development in zebra finches or as a result of adult hormone treatment in canaries, they were greatest at higher order branches (DeVoogd & Nottebohm, 1981; Nixdorf-Bergweiler et al., 1995) . Our work compliments and extends these findings by showing similar changes in two neuron types with known projection patterns.
Previous work has shown that the amount of dendritic arbor co-varies with amount of afferent and efferent connectivity. For example, steroid-induced growth of RA dendrites and the number of dendritic spines in adult canaries is associated with an increase in the number of synaptic inputs from both HVC and LMAN (Canady et al., 1988) . Moreover, decreases in amount of LMAN arbor during development are associated with decreases in the number of LMAN-RA synapses (Herrmann & Arnold, 1991; Nixdorf-Bergweiler et al., 1995) . Dendritic arbor may, therefore, provide an indirect measure of synaptic strength.
Increases in the ratio of HVC-RA:LMAN-RA dendritic arbor occurred over the same age-range when song stereotypy increases in adult finches (Brainard & Doupe, 2001; Kao & Brainard, 2006; Pytte et al., 2007) . An increase in the ratio of HVC-RA:LMAN-RA dendritic field size, if accompanied by more synaptic input to HVC arbor, could lead to an increased influence of HVC, relative to LMAN, on RA activity. HVC neurons are highly interconnected, and HVC-RA neurons send axon collaterals to other neurons of the same type (Mooney & Prather, 2005) .
Small random temporal error in the firing of HVC-RA neurons is produced during each song rendition (Hahnloser et al., 2002) and increased connectivity between HVC-RA cells could decrease variability in pre-motor commands, leading to a more stereotyped song.
Alternatively, or in addition, the age-related and selective increases in the dendritic arbor of HVC-RA cells could be related to age-related increases in the McDonald & Kirn 20 stability of song after deafening. The effects of adult deafening are most pronounced when deafening occurs between the ages of 4-7 months, and thereafter, song stability is maintained for much longer periods of time (Lombardino & Nottebohm, 2000) . This non-linear age effect is similar to what we observed with respect to HVC-RA dendritic growth, which appeared to be limited to 3-12 months of age. Deafening-induced changes in song are dependent on LMAN (Brainard & Doupe, 2000; Brainard & Doupe, 2001 ). While we did not see a significant decrease in LMAN-RA dendritic arbor as originally predicted, the ratio of HVC:LMAN arbor increased. If arbor correlates with input strength, it is possible that the increase in HVC-RA arbor is associated with a delay or attenuation of the effects of deafening. It has also been recently shown that the total number of HVC-RA neurons in zebra finches continues to increase over the age range we studied, potentially providing further strengthening of this input to a fixed number of RA neurons in a way that might impact song stability and stereotypy (Walton et al., 2012) .
It would be interesting to look at dendritic spine number and turnover rates over the age range we explored. Recent work has shown that spine stability and increases in spine density are associated with increases in synaptic strength in the HVC of juvenile zebra finches (Roberts et al., 2010) . Moreover, there is an increase in dendritic spine stability across different cortical regions between young and older adult mice (reviewed by Alvarez & Sabatini, 2007) .
We do not know whether the age-related changes we observed are regulated by experience or are part of a protracted developmental program that is experience-independent. If the latter, the morphological changes we observed may represent part of the mechanism that limits adult vocal plasticity in this species. Indeed, we unexpectedly found that the extent of adult HVC-RA dendritic growth with age could be partially accounted for by nest of origin.
Because our birds came from a large breeding colony with multiple nest boxes and, therefore, opportunities for extra-pair copulations, we cannot determine the extent to which shared early environment and shared genes contributed to our findings. It is worth noting that there are now several studies suggesting that
other neuronal attributes, including HVC volume, neuron number and rates of neuron addition, are either heritable or shaped by early developmental events (Airey et al., 2000; Ward et al., 2001; Williams et al., 2003; Hurley et al., 2008) . It is particularly intriguing that we found co-variation among nest mates for HVC-RA arbor but not LMAN-RA arbor. Previous work has shown that heritability estimates for HVC volume are much higher than for LMAN (Airey et al., 2000) .
Regardless, this finding suggests that constraints on the extent of adult dendritic growth are put in place early in development.
Effects of variation in adult social housing
In an attempt to see whether these two neuron types have the capacity for morphological changes as a result of adult experience, we manipulated adult social housing. We found that in contrast to the selective growth of HVC-RA dendrites with age, both neuron types showed dramatic growth in males housed in male-female pairs from 4-7 months of age, compared to males housed singly or in larger same-or mixed sex groups. We chose this manipulation in order to maximize our chances of seeing plasticity in this highly social species. As described earlier, variation in social complexity can lead to changes in song motor activity and demands on perceptual memory, as well as endocrine factors known to affect dendritic arbor. Thus, there are many potential ways in which social housing could have affected dendritic growth.
We chose to measure singing rate in males housed alone and males housed singly with a female and found a dramatic decrease in singing in males from the latter condition in this comparison, consistent with previous reports (Dunn & Zann, 1997 ). Yet, individual correlations between amount of singing and dendritic growth for either cell type and for the ratio of HVC-RA:LMAN-RA arbor were modest or non-significant. Thus, the major association between singing and arbor was found at the group level, where lower singing rates were associated with growth of arbor in both cell types. Perhaps the act of singing in adulthood is associated with the pruning of dendritic arbor. It is well established that regressive events are a hallmark of some stages of neural development (Cowan 22 et al., 1984; Finlay et al., 1987) . This idea is not necessarily incompatible with our finding of age-related increases in dendritic arbor. Despite the fact that growth of arbor for both neuron types was affected by social housing, the age-specific ratio of HVC-RA:LMAN-RA arbor was maintained. We also found a trend for amount of singing to decrease with age even in males housed alone, consistent with a previous report showing that singing rate decreases between 3 and 12 months (Johnson et al., 2002) .
Regardless, the important finding is that under at least some conditions, neuronal morphology in adult zebra finches can respond to a changing environment with dendritic growth. Moreover, in contrast to age-related changes in dendrites, which occurred selectively for HVC neurons, the experiencedependent growth was found for both cell types. When taken together, our results suggest at least two levels of regulation, one that promotes differential growth favoring neurons in the motor pathway over the anterior forebrain In HVC, the average soma size in 3-month-old birds (black bars) was significantly larger compared to 6-(grey bars) or 12-month-old (white bars) individuals (p≤ 0.004). In LMAN, the average soma size in 3-month-old birds was significantly larger compared to 12-month-old individuals (p= 0.003). (B) Mean (±SEM) total dendritic length of HVC-RA and LMAN-RA cells. In HVC, the average total dendritic length in 12-month-old birds was significantly greater compared to 3-or 6-month-old individuals (p≤ 0.02). In LMAN, the average total dendritic length did not significantly vary across the three age groups. Table 1 . High order branch numbers differed across age cohorts. Mean (±SEM) number and length of dendrites by segment order for HVC-RA and LMAN-RA cells for the three age cohorts. Dendritic lengths are reported in microns. In HVC, the number of third, fourth and fifth order branches was significantly larger (bold font) in 12-month-old birds than in 3-and 6-month-old birds (p≤ 0.002). There were no significant age-related differences in these attributes for LMAN-RA neurons. Figure 1 . Diagram of key components of the song system involved in song production, acquisition and maintenance. Black arrows represent the motor pathway and grey arrows represent the anterior forebrain pathway. Abbreviations: HVC, (proper name); LMAN, lateral magnocellular nucleus of the anterior nidopallium; RA, robust nucleus of the arcopallium; Area X (proper name); DLM, medial portion of the dorsolateral nucleus of the thalamus; nXIIts, tracheosyringeal part of the nucleus nervi hypoglossi. Based on Nottebohm et al., 1976; Bottjer et al., 1989. 69x69mm (300 x 300 DPI) In HVC, the average soma size in 3-month-old birds (black bars) was significantly larger compared to 6-(grey bars) or 12-month-old (white bars) individuals (p≤ 0.004). In LMAN, the average soma size in 3-month-old birds was significantly larger compared to 12-month-old individuals (p= 0.003). (B) Mean (±SEM) total dendritic length of HVC-RA and LMAN-RA cells. In HVC, the average total dendritic length in 12-month-old birds was significantly greater compared to 3-or 6-month-old individuals (p≤ 0.02). In LMAN, the average total dendritic length did not significantly vary across the three age groups. 81x139mm (300 x 300 DPI) In HVC, average soma size did not vary significantly across the four social groups: group housed males (GM; black bars), group housed males with females (GMF; dark grey bars), individually housed males (M; light grey bars), males housed in male-female pairs (MF; white bars). In LMAN, average soma size did not vary significantly across the four social housing conditions. (B) Mean (±SEM) total dendritic length of cells in HVC-RA and LMAN-RA. In HVC, average total dendritic length was significantly larger in MF individuals compared to the three other social housing conditions (GM, GMF & M) (p≤ 0.04). In LMAN, average total dendritic length was significantly larger in MF individuals compared to the three other social housing conditions (GM, GMF & M) p≤ 0.0005). 81x127mm (300 x 300 DPI) Figure 6 . Ratio of soma size and total dendritic length did not vary as a function of social housing condition. Neither the mean (±SEM) ratio of HVC-RA:LMAN-RA soma size (A) or the ratio of total dendritic length (B) varied significantly across the four social groups: GM (black bars), GMF (dark grey bars), M (light grey bars), MF (white bars). 81x127mm (300 x 300 DPI) 
